Adhesin-mediated bacterial interspecies interactions are important elements in oral biofilm formation. They often occur on a species-specific level, which could determine health or disease association of a biofilm community. Among the key players involved in these processes are the ubiquitous fusobacteria that have been recognized for their ability to interact with numerous different binding partners. Fusobacterial interactions with Streptococcus mutans, an important oral cariogenic pathogen, have previously been described but most studies focused on binding to non-mutans streptococci and specific cognate adhesin pairs remain to be identified. Here, we demonstrated differential binding of oral fusobacteria to S. mutans. Screening of existing mutant derivatives indicated SpaP as the major S. mutans adhesin specific for binding to Fusobacterium nucleatum ssp.
| INTRODUCTION
The bacterial species of the human oral cavity depend on their ability to attach to surfaces or each other for colonization and persistence in this nutritious ecological niche. Consequently, the proteins involved in adherence are important components, enabling microorganisms to form and reside in complex oral biofilms, in which distinct groups of bacteria perform specific functions. 1, 2 Whereas microbial interactions within these biofilms trigger important physiological changes in partner species that influence many properties including virulence features, physical attachment via specific adhesins is key for successful initiation of surface colonization and biofilm integration. 3, 4 Oral representatives of the ubiquitous fusobacteria have been noted for their binding to a diverse array of microbial species and are considered to be important for biofilm formation and architecture. 1, 2, 5 Fusobacteria enable their own integration into biofilms by adhering to surface-attached early colonizers such as streptococci and actinomyces. Moreover, fusobacteria recruit other bacterial species including important periodontal pathogens that cannot directly attach to surfaces or early colonizers. This feature can promote microbial community shifts and impacts polymicrobial pathogenesis.
Cultivable oral fusobacteria are predominantly comprised of the species Fusobacterium periodonticum and Fusobacterium nucleatum. 6 Whereas F. periodonticum contains a single species, F. nucleatum includes five subspecies nucleatum, polymorphum, fusiforme, animalis, and vincentii. 7 Consolidation of the subspecies fusiforme and vincentii into one group was recently proposed based on their phylogenetic similarities. 8 Fusobacteria not only thrive in subgingival biofilms, 9 they are present in supragingival plaque, 10 predominant in early childhood caries, 11 and dentinal and root caries lesions, 12 ecological niches that are also dominated by oral streptococci including the cariogenic species Streptococcus mutans. Streptococci are the most prevalent early colonizers and comprise the primary binding partner for recruitment of fusobacteria into oral biofilms. 1, 2 The streptococcal adhesin for interaction with fusobacteria remains to be identified, but we previously characterized RadD as a major fusobacterial adhesin in F. nucleatum ssp. nucleatum for the well-established physical attachment
to Streptococcus sanguinis and Streptococcus gordonii. 13 The binding of F. nucleatum to S. mutans, however, has been demonstrated, 14, 15 but largely remains to be investigated.
Surface fibrils have been implicated in the interaction of streptococcal species with host proteins, eukaryotic cells, and other species, including with F. nucleatum. 16 Corncob formation of Streptococcus cristatus with Corynebacterium matruchotii as well as F. nucleatum was impaired in a mutant strain lacking long fibrils that were suggested to be encoded by the Sortase A (SrtA) recognition consensus contain- 
22
In this study, we characterized the adhesion of oral fusobacterial species to S. mutans and identified SpaP as the major adhesin of S. mutans that directly interacts with the adhesin RadD of the F. nucleatum subspecies polymorphum but none of the other oral fusobacteria tested.
| MATERIALS

| Bacterial strains and culture conditions
All strains used in this study are listed in Table 1 and were grown as previously described. 13, 22, 32, 33 In brief, fusobacteria were grown at 37°C 34 The resulting plasmid pFW5-spaP was confirmed by restriction analysis, PCR amplification, and DNA sequencing before transformation into S. mutans UA140 as described above. Transformants were selected on TH agar containing 500 μg/mL spectinomycin and confirmed by PCR, sequencing and Western blot (see Figure S1 ).
| Fusobacterium nucleatum ssp. polymorphum
A ∆radD mutant derivative of F. nucleatum ssp. polymorphum ATCC10953 was constructed by inactivating the radD encoding gene (FNP_1046) via single homologous recombination as described earlier. 13 In brief, a 1032-base-pair internal gene fragment (nucleotide 4931-nucleotide 5962) was amplified using the primer pair RADD-F
and RADD-R (GCGGAGGGATCCCATTAGCTGCTTTATTATATCCAGA confirmation of the integration plasmid by restriction analysis and sequencing, the plasmid DNA was electroporated into F. nucleatum ssp.
polymorphum ATCC10953 and plated on selective medium containing 5 μg/mL thiamphenicol. The insertional mutant was confirmed via PCR sequencing.
| Coaggregation assay
Interspecies coaggregation was performed in modified coaggregation buffer and quantified as described previously. 13 For measuring coaggregation in the presence of saliva, saliva was collected from several volunteers, pooled and treated according to published procedures. 35 Briefly, the pooled saliva was clarified by centrifugation at 2100 g for 10 minutes. The supernatant was then removed and filtered through 0.22-μm filters (Millipore, Billerica, MA, USA).
The filter-sterilized saliva was added to a final concentration of 50% to the individual coaggregation partners before combining the strains. The coaggregation index (C.I.), representing the coaggregation efficiency between two species, was calculated as follows: Amp, ampicillin (50 μg/mL); Erm, erythromycin (15 μg/mL for S. mutans; 5 μg/mL for L. lactis); Spc, spectinomycin (500 μg/mL); Tap, thiamphenicol (5 μg/mL).
OD 600(A) and OD 600(B) represent the optical density of each individual species at 600 nm, and OD 600(A+B) represents the optical density of the mixture supernatant after 10 minutes of incubation or as indicated if different from the standard procedure.
| Biofilm integration assay
| Biofilm growth
Overnight cultures of S. mutans were diluted into TH medium containing 25% saliva, 0.5% mannose and 0.5% sucrose to a concentration of 2×10 5 cells/mL and 500 μL each of this suspension was inoculated into wells of a 48-well culture plate before incubation under anaerobic conditions (10% H 2 , 10% CO 2 , 80% N 2 ) at 37°C for 18 hours to allow for biofilm formation. The medium was removed and the wells were washed for three times with 1×phosphate-buffered saline (PBS). 
| Crystal violet assay
Biofilm formation of S. mutans was evaluated using Crystal Violet staining according to published procedures. 36 In brief, supernatants 
| Extraction of DNA from biofilms
Before DNA isolation, the supernatant was carefully removed from each well and the wells were rinsed twice with 1×PBS. Genomic DNA was isolated directly from biofilm cells attached to the wells using a QIAamp DNA Micro kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions with modification of the final elution to 30 μL. Lysis buffer was directly added to the wells, biofilms were scraped off and added directly into a 0.5-mL screw cap microtube containing 0.1-mm silica beads. The samples were treated with bead beating for 30 seconds three times at 1-minute intervals. After centrifugation of the samples at 13 000 g for 5 minutes, the supernatant was transferred to a fresh tube and incubated with Proteinase K for 1 hour at 56°C. The samples were treated according to the manufacturer's instructions.
| Quantitative real-time PCR
Relative proportions of F. nucleatum ssp. polymorphum integrated into S. mutans biofilms were determined by quantitative assessment of DNA with species-specific primer pairs similar to our published procedures. 37 Gene-specific primer pairs gtfBF 5′-GCCTACAGCTCAGAGATGCTATTC-3′ and gtfB R 5′-GCCATACACCACTCATGAATTGA-3′ were used to amplify the S. mutans-specific gtfB gene, whereas fomA of F. nucleatum was amplified with primer pair fomA-F 5′-GTTGCTCCAGCTTGGAGACCAAAT-3′
and fomA-R 5′-AAGTTTACTTTTGTTAAAGTTTGTAATCTTCC-3′ for specific detection of F. nucleatum. 37 Amplification and signal detec- Each PCR run was carried out with an initial incubation of 10 minutes at 95°C followed by 40 cycles of denaturing at 95°C for 15 seconds;
annealing and elongation at 60°C for 1 minute. After the 40 cycles of amplification, an additional denaturing step was performed at 95°C for 1 minute followed by annealing and elongation at 60°C for 1 minute. A melting curve analysis was completed after each run. The DNA concentrations (ng/mL) were calculated with standard curves obtained by 10-fold serial dilutions of bacterial genomic DNA. All standards were run in duplicate to generate a standard curve to determine the efficiency of each primer set. Three independent qPCR runs were performed with three technical replicates for each sample to assess reproducibility and inter-run variability. Relative ratios of the tested species to each other were calculated as previously described. 
| Statistical analysis
Statistical significance (P<.05) of differences was evaluated by oneway analysis of variance with post hoc Tukey's test.
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3 | RESULTS
| Streptococcus mutans UA140 adheres differentially to fusobacteria
All experiments in this study were performed with S. mutans UA140, because this strain exhibited noticeably better binding to fusobacteria than the S. mutans reference strain UA159 (see Figure S2 ). 
Streptococcus mutans
S. mutans.
Interspecies adherence between oral bacteria is often speciesdependent, or even strain-dependent 5 and the differential binding of the fusobacteria tested in this study to S. mutans (Figure 1 ) is consistent with previous observations of variability in the attachment of F. nucleatum strains to different isolates of S. mutans. 15 Speciesspecificity is not limited to interbacterial interactions but was also observed for the attachment of F. nucleatum subspecies to eukaryotic cells. 43 Furthermore, certain subspecies of F. nucleatum colonize distinct ecological niches of the oral cavity 7, 44 and their relative abundance is correlated with health and disease. 45 Specific interspecies recognition plays an important role in the sophisticated oral biofilm structure, architecture and communication. [1] [2] [3] Fusobacteria significantly contribute to this important aspect of oral microbial community formation by connecting early colonizing species with the many pathogenic members containing late colonizers.
Our results suggest that the large outer membrane protein RadD, which we previously identified as the major adhesin for binding of cavity by fusobacteria has been demonstrated before the eruption of teeth, 54 whereas S. mutans is generally considered to require tooth surfaces for efficient establishment, even though it has been detected in edentulous infants before tooth eruption. 55 The ability of S. mutans to attach to fusobacteria including F. nucleatum ssp. polymorphum could therefore constitute an additional opportunity for oral biofilm integration of cariogenic S. mutans. In contrast, attachment of F. nucleatum ssp. polymorphum to S. mutans in the supragingival plaque could be beneficial, as this fusobacterial subspecies was found to have acid-neutralizing abilities.
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In summary, most of the predominant oral fusobacterial species and subspecies are able to adhere to the early colonizer S. mutans, albeit to varying degrees. Furthermore, we identified SpaP of S. mutans as a specific adhesin for recognition of the F. nucleatum ssp. polymorphum adhesin RadD. This is the first time a cognate adhesin pair was identified for attachment of a fusobacterial species to another organism. Streptococcus mutans does not interact with a large number of other bacterial species, 57 but it is an interesting phenomenon that the ubiquitous fusobacteria, which are known to bind to numerous other microorganisms, recognize at least two different surface structures on S. mutans for attachment. This could possibly expand their own ability as well as that of S. mutans to effectively colonize available oral surfaces.
